In this report, the micron-long Si nanowires (NWs) array is grown by a metal assisted chemical etching (MACE) process using Ag as the noble metal catalyst in HF/H 2 O 2 solution.
Among the low-dimensional semiconductors, Si nanowires (NWs) have always been considered to be very important because Si is the most abundant and widely used semiconductor, with a large industrial infrastructure for the low-cost and high-yield processing [1] [2] [3] [4] . Si NWs grown by metal assisted chemical etching (MACE) process are usually decorated with arbitrary shaped Si nanocrystals (NCs) that exhibit significantly different optical characteristics from the bulk Si counterpart, including Raman spectra, visible to near infra-red (NIR) photoluminescence (PL) and reflectance and these properties are exploited for variety of applications, such as LED, sensors and high efficiency photovoltaic cells [1] [2] [3] [4] [5] .
Based on quantum confinement (QC) effect, these MACE grown Si NWs decorated with arbitrary shaped and nano-sized Si NCs can emit visible PL depending on the size of the Si NCs [5] [6] [7] . These Si NCs decorated Si NWs are covered with a very thin layer of SiO x (1<x<2) and the defects in the Si/SiO x interface can also produce the visible PL emission 8, 9 . It becomes necessary to adopt some techniques to remove or improve upon such defects. Rapid thermal annealing (RTA) is often used to improve the structural properties of the material 10 .
However, effect of RTA on the MACE grown Si NWs in its optical properties are not studied in the literature.
Here, we have grown Si NWs decorated with Si NCs by MCAE and performed RTA to improve the structural and optical properties of as-synthesized Si NWs. We have studied the influence of RTA treatment with different annealing environment (vacuum, nitrogen and oxygen) on the PL properties of Si NCs decorated Si NWs. We have performed the reflectivity and Raman analysis on the Si NCs/NWs before and after RTA treatment. The effect of laser heating on PL spectra was also studied for confirmation of QC effect.
EXPERIMANTAL DETAILS
Si NWs are grown from boron-doped p-type Si (100) wafers with resistivity 0.01 Ω-cm. The Si wafers are initially cleaned by rinsing in acetone followed by ethanol for 5 min in each step. The wafers are cleaned in piranha solution (a 5:1 mixture of sulfuric acid (H 2 SO 4 ) and hydrogen peroxide (H 2 O 2 )) for 10 min to remove the metallic and alkaline contamination as well as for the reduction of organic residues on the wafer surface. Native oxide layer (SiO 2 ) is removed by immersing the wafers in 10% hydrofluoric acid (HF) for a few minutes.
The samples are rinsed in de-ionized (DI) water after each step. Finally the cleaned wafers are dried by blowing Ar gas. For etching of the wafers, we have used a two-step metal assisted chemical etching (MACE) process. At first, a thin layer of silver (Ag) nanoparticles is formed on the Si substrate by dipping the substrate in a solution containing 0.015 M AgNO 3 and 5.55 M HF for a few seconds and then the substrate is immersed in solution containing 1.422 M H 2 O 2 and 4.6 M HF for 20 min (sample S1). The sample S1 is cut into pieces and rapid thermal annealing (RTA) (Mila 3000P, ULVAC) is performed for 60 sec in 800 °C for three different annealing environments. Details of the sample codes and RTA parameters of the Si NC decorated Si NWs are shown in Table I 
RESULTS AND DISCUSSION

Growth and Morphology
The growth studies of Si NCs decorated Si NWs or the porous Si NWs using electroless two-step MACE are reported by several groups 5, 11 . The formation mechanism of the Si NCs on the surface of the Si NWs strongly depends upon the porous structures of the 
Optical reflectivity
The absorption coefficient of the Si NW/ NCs is assessed by measuring the diffused reflectivity under oblique incidence of the samples. . The RTA treated sample S1_O2 shows the highest absorption over the entire visible range.
Photoluminescence
Photoluminescence spectroscopy is a contactless, nondestructive method of probing the electronic structure of materials and detailed PL study on nanostructured Si can provide useful information about the purity, amorphicity, defects and the dimension of the nanostructured Si. Si NWs decorated with Si NCs on its surface exhibit strong broadband PL in the visible region at RT 5, 6 . Figure 3 shows the broad visible PL from the samples S1, S1_VA, S1_O2 and S1_N2. The as-grown Si NCs decorated Si NWs (sample S1) show higher PL intensity as compared to the RTA treated samples. Vacuum annealed samples show lowest (~20 times lower) PL intensity as compared to the as-grown sample. N2 and O2 treated samples show ~6 times and ~7 times lower intensity than the as-grown sample. We have studied the effect of NCs morphology on the PL spectra of the NWs . Low reflectivity also implies higher absorption and excitation of carrier finally leading to enhanced radiative recombination or PL 
where C and α are constants. Note that the NCs shape is arbitrary with a broad distribution in sizes. Due to the arbitrary shape, we choose the cross-sectional area (A) as the most appropriate parameter to replace the commonly used parameter "d" resulting in the following equation:
where C´ and α΄ are new constants. Here A is the area replacing πd Figures 4 (a-d) show the broad and asymmetric PL spectra for the samples S1, S1_VA, S1_N2 and S1_O2, respectively, fitted by Gaussian peaks. Fig. 4(a) shows that the PL spectra of the sample S1 consist of two peaks originating from two different groups of Si
NCs with different sizes. The size of these Si NCs can be estimated from eqn. (1). Fig. 4(b) and 4(c) show that the peaks at ~1.8 eV and ~1.6 eV are common to S1, S1_VA and S1_N2 samples, along with an additional band at ~2.4 eV for all RTA treated samples, i.e., S1_VA, S1_N2 and S1-O2. The green PL emission at ~2.4 eV is possibly due to the neutral oxygen vacancy (V O ) related defects present in the SiO x layer 9 . Due to the RTA under low vacuum and N 2 environment, nonradiative defects may be increased and it results into reduced PL intensity from the Si NCs. In addition, annealing results into increase in oxygen related defects, particularly at the Si/SiOx interface and this interface moves inside the Si NCs/ NWs core to create newer SiOx layer, particularly in case of annealing under O 2 environment.
Thus, the PL band at 2.4 eV is considerably increased in S1_O2 sample. Fig. 4(d) shows the deconvoluted PL spectra of the sample S1_O2 with three Gaussian peaks. Note that PL spectrum of sample S1_O2 is a bit different from the as-grown Si NCs/NWs sample i.e. In order to understand the effect of laser heating on the PL spectra of the as-grown Si
NCs decorated Si NWs, we performed the PL measurements of the sample S1 with different laser excitation power ranging from 5mW to 100 mW. . Thus, the laser heating effect on PL spectra of the sample S1 confirms that the reddish PL is intrinsic to Si NCs only and can be explained successfully using the QC model.
Raman analysis
Raman scattering is sensitive to the crystal lattice microstructure of Si via their vibrational properties. Inspection of line shapes of Raman spectra may be the source of useful information concerning the crystalinity, amorphicity, and dimension of nanostructured Si.
Therefore, the Raman spectra of the MACE grown Si NWs are of great value for the further understanding of the above parameters. at RT for the samples S1, S1_N2, S1_O2 and S1_VA with that of bulk Si with laser excitation wavelength 633 nm at laser power 1.8 mW, respectively, while Fig. 6(b) shows the corresponding 1st order Raman spectra (TO phonon mode). The Raman spectra of all the samples were corrected by keeping the first order Raman peak of the bulk Si at 520.5 cm -1 (ω 0 ). Each samples in Fig. 6(a) show the 2TA (290 -300 cm opposing the frequency shift due to phonon confinement [15] [16] [17] . From the additional shift of the Raman peaks (δω = ω -ω 0 ), the lattice stress of the Si can be approximately calculated according to the following equations
where a is the lattice constant of the strained Si, γ is Gruneisen constant (γ ~ 1.0), and a 0 is the lattice constant of single-crystalline Si. With the decrease in crystallite size from bulk to nanometer, the special wave function of the optical phonon is confined and the phonon confinement results in the red-shift and asymmetrical broadening of the Raman modes.
Assuming that this shift can be fully attributed to QC effect due to the small Si NCs, the δω can be estimated from the formula
where A = 34.8 nm . So the actual shift of the TO Raman mode is a competing effect of QC effect of phonon due to Si NCs and compressive strain due to the oxide layer. It is clear from Fig. 6 (b) that δω is large for the as-grown S1 due to the phonon confinement effect, while after RTA δω is reduced. In case of sample S1_O2, δω is least. This may be due to the fact that the Si NWs are covered with a thick layer of SiO 2 and Raman spectra originate mostly from the SiO 2 surface and the Si inside the SiO 2 structure contributes to the TO mode 1 st order Raman spectra and as a result the δω is almost zero due to the absence of any QC effect.
CONCLUSION
In conclusion, MACE is carried out to fabricate arrays of Si NWs and these Si NWs are decorated with arbitrary shaped Si NCs that emits reddish PL. Our studies on the effect of 
Fig. 2:
Comparison of the diffused reflectance spectra for samples S1, S1_VA, S1_O2 and S1_N2 with that of the bulk Si wafer. Si NCs/NWs before and after RTA treatment in different annealing atmosphere have exceptionally low reflectance in a wide visible-NIR range.
Fig. 3:
Comparison of the PL spectra recorded with λ ex = 405 nm for samples S1, S1_VA, S1_O2 and S1_N2. The PL spectra of the samples S1_VA, S1_O2 and S1_N2 are scaled up by appropriate factors to enable comparison.
Fig. 4:
The PL spectra along with Gaussian line shape fitting for samples (a) S1, (b) S1_VA, (c) S1_N2 and (d) S1_O2, acquired with λ ex = 405 nm. The experimental data is shown with symbols and the fitted curves are shown with solid lines. The peak centers are denoted in each case. 
